Abstract: As tractor-trailer ownership has increased year-by-year, corresponding energy consumption and environmental issues have gradually become a heated issue. Approximately 45 percent of the total aerodynamic drag of tractor-trailers is attributed to the flow at the front surface of the cab, and the gap between the cab and trailer. Therefore, this study has taken a new approach to designing the shape of the cab inspired by the external forebody of the cheetah. A parametric design protruding cab was devised in this study; the length of the protruding part and the angle between this protruding part and the A pillar were two design variables. Computational fluid dynamics simulation was conducted to investigate the drag reduction effects of these new cab styling designs, and the proposed cab reduced the drag by a maximum of 8.49%. The flow characteristics around the whole body of the tractor-trailer baseline model and the parametric cab design vehicle model were analyzed using the velocity streamline graph to illuminate the change of the flow field and the drag-reduction mechanism of the proposed design. A vortex formed above the protruding part of the cab and it acted as a 'vortex cushion' to accelerate the speed of the air flow; accordingly, the positive and negative pressure distribution on the front surface of the cab and trailer also changed. The new parametric design has provided the possibility to adjust the forebody of the cab to an aerodynamically optimized shape, and these findings have offered useful information for the development of a new design method of the tractor-trailer to reduce aerodynamic drag and improve fuel economy.
Introduction
In 2016, the total length of Chinese expressways exceeded 130,000 km, ranking first in the world, and another 5000 km of highways was added in 2017. Road transportation accounts for nearly 77% of the total volume of transported goods, and tractor-trailers played an important role in this. According to the auto industry production and marketing data released by CAMM (China association of automobile manufacturers), in 2016, the production and sales of commercial vehicles totaled 370 million and 365 million, respectively, and the numbers of tractor-trailers were 74.14 million and 73.29 million, which increased 38.29% and 33.08% year-by-year. The increase in vehicle ownership has resulted in greater energy consumption. For a tractor-trailer, the purchase price is fixed and disposable, while the operational cost is long term. In the course of its operation, the aerodynamic drag of the body directly affects performance and fuel economy, and the fuel consumption caused by the air resistance accounts for most of its transportation costs. Therefore, it is necessary to study methods of drag reduction for tractor-trailers to reduce fuel consumption.
The aerodynamic characteristics of passenger vehicles have been extensively investigated in the past two decades [1] [2] [3] . In recent years, the aerodynamic performance and geometry optimization of tractor-trailers have received much more attention, and many studies have been conducted to their aerodynamic drag [4] [5] [6] [7] . At present, by means of wind tunnel tests and numerical simulations, researchers have found that four critical parts of these vehicles make up the major parts of the aerodynamic drag of a tractor-trailer, as shown in Figure 1 ; these are the forebody of the tractor, the gap between the cab and the trailer, the underhood plus the wheels, and the rear of the trailer [8, 9] . For a tractor-trailer driving on a highway, the front part of the vehicle causes approximately 45% of the total drag force; the other contributing factors include the rear wake of the trailer (25%) and the underbody flow (30%) [10] . Corresponding research was carried out at different positions, and various kinds of drag-reducing devices have been introduced to effectively decrease the aerodynamic drag of tractor-trailers, including their cab roofs or gap fairings [11] [12] [13] [14] , their side skirts [15] , their base flaps [16] , and their boat tails [17, 18] . Some studies focused on their aerodynamic characteristics, using a combination of various devices and interactions with the actual complex shape of tractortrailers [19, 20] . Previous studies mostly focused on performance optimizations using aerodynamic drag reduction devices. Little analysis has been conducted on aerodynamic drag reduction effects based on the adjustment of the tractor-trailer shape itself, although this method will only involve a small additional cost, but could avoid the matching problem between the pneumatic accessories and the vehicle. Mario Hirz (2013) designed a variable outer contour of the trailer to adjust the rear end; the curved top surface of the trailer was most obviously changed, and, compared to the initial vehicle the aerodynamic drag, was clearly reduced [21] . Furthermore, except for the existing drag reduction methods, commercial vehicle brands, such as SCANIA tractor-trailer (SCANIA, Malmo, Sweden), VOLVO tractor-trailer (Volvo Trucks, Göteborg, Sweden), or TESLA Semi electric tractor-trailer (TESLA, Palo Alto, CA, USA), have begun to explore new styling designs of the cab to reduce the aerodynamic drag force of tractor-trailers.
The way to solve the engineering problems can be obtained from living creatures found in nature, because they possess optimal morphological structures that have been adapted to their environments. Marine and terrestrial animals have often been used as a reference for designers to study when developing new transportation styling design or methods for aerodynamic drag reduction. For example, a concept vehicle design developed by Mercedes Benz originated from the bionic design of a Boxfish found in the ocean. Dongri Kim (2015) designed the automatic moving deflector (AMD), which was inspired by the movement of secondary feathers on a bird's wing suction surface. In this study, several AMDs of different sizes and materials were tested by measuring the drag force on the Ahmed body, and displayed drag reductions up to 19% [22] . Jeong Jae was enlightened by the forehead shape of the sea lions and designed two cab-roof fairing (CDF) models. It was seen from the wind tunnel test that the redesign CDFS reduced the regions of separated shear flow and turbulent kinetic energy level on the side surfaces of the tractor-trailer model [23] .
A number of terrestrial animals, like the cheetah, can run at a high speed of up to 90 km/h; this value is close to the speed that tractor-trailers travel on Chinese expressways. Meanwhile, cheetahs and the tractor-trailers all run in the air at similar speeds, and both of them display similar values of Previous studies mostly focused on performance optimizations using aerodynamic drag reduction devices. Little analysis has been conducted on aerodynamic drag reduction effects based on the adjustment of the tractor-trailer shape itself, although this method will only involve a small additional cost, but could avoid the matching problem between the pneumatic accessories and the vehicle. Mario Hirz (2013) designed a variable outer contour of the trailer to adjust the rear end; the curved top surface of the trailer was most obviously changed, and, compared to the initial vehicle the aerodynamic drag, was clearly reduced [21] . Furthermore, except for the existing drag reduction methods, commercial vehicle brands, such as SCANIA tractor-trailer (SCANIA, Malmo, Sweden), VOLVO tractor-trailer (Volvo Trucks, Göteborg, Sweden), or TESLA Semi electric tractor-trailer (TESLA, Palo Alto, CA, USA), have begun to explore new styling designs of the cab to reduce the aerodynamic drag force of tractor-trailers.
A number of terrestrial animals, like the cheetah, can run at a high speed of up to 90 km/h; this value is close to the speed that tractor-trailers travel on Chinese expressways. Meanwhile, cheetahs and the tractor-trailers all run in the air at similar speeds, and both of them display similar values of the Reynolds number (R e =~10 6 ). Cheetahs can considerably reduce their drag because of their streamlined body, which consists of a protruding head and smooth body lines. Thus, inspired by the forehead shape of the cheetah, a new protruding cab with parametric design was devised in this study for the drag reduction of tractor-trailers.
According to the requirements of the cab, the 3D forehead shape of the cheetah was properly adjusted to form a slightly protruding forward shape, and its dimensions that were formulated refer to the tractor-trailer baseline model. The objective of the study was to investigate the flow field over the tractor-trailer model with a new cab shape design, and to demonstrate and describe the difference between the flow field in a direct comparison. The analysis in this paper has focused on the relative differences in the flow over the cab, the gap between the cab and trailer, and the rear part of the models caused by the different cab shapes and dimensions, as well as the consequent changes in the size and distribution of the air pressure. We also investigated the drag reduction effects of several parameters of the cab design, including the length of the protruding part and the angle between this protruding part and the A pillar.
Research Approach
The aerodynamic characteristics of tractor-trailer could be obtained by wind tunnel test and numerical simulation, and the wind tunnel test could be divided into quantitative or qualitative experiments. Aerodynamic force measurement is a commonly used quantitative experiment that includes pressure measurement and velocity measurement. Qualitative experiments are always used to display the flow field, and PIV measurement is a common method [24, 25] .
The aerodynamic simulation of a tractor-trailer is also a complex phenomenon; many factors determine the accuracy of this process, such as the geometric model, mesh generation, and numerical calculation scheme. In the next section, the main stages of the simulation that was performed have been described.
In this paper, the aerodynamic force measurement experiment is conducted, and the main purpose of the wind tunnel test is to validate the correctness of the numerical simulation by the comparison of C d . Then, through numerical simulation, we aim to study the changes in the aerodynamic characteristics of tractor-trailer caused by the parametric design cab.
The Model

Tractor-Trailer Baseline Model
Several tractor-trailer flow studies have been performed using bluff or generic vehicle bodies. These investigations showed universal trends, and the research findings have general applications. However, these simplified vehicle models were somewhat different from the real product in their detailed shape and loading conditions; therefore, the impact of different modeling details on the flow structure cannot be fully realized. The baseline model studied for this paper was based on an actual flat head tractor-trailer commonly used in China.
Considering the dimensions of the wind tunnel test section and the calculation amount of the numerical simulation, the geometric scale of the baseline vehicle model was set as 1:15, and the geometry and dimensions of the tractor-trailer baseline model used have been shown in Table 1 . Due to the constraints of physical model dimensions and the effects of computational accuracy, many vehicle body details such as front headlights, wipers, and door handles were simplified after careful consideration. In addition, the emphasis of this paper was to study the outflow of the tractor-trailer, in the same way as with other research findings [26] [27] [28] , the baseline model was designed with a smooth underbody and without openings for cooling airflow, and the model used in wind tunnel test and numerical simulation is shown in Figure 2 . 
Parametric Cab Design Model
In this paper, the aim of the cab styling design was to imitate the protruding head shape of a cheetah and change the airflow structure in the front of the cab. Based the design of the flat head cab, the engine compartment of the new cab was designed to protrude forward to form a similar 'cab nose'.
The length of the protruding part (L as shown in Figure 3b ) was set as one of the modeling design variables. According to the Chinese automobile industry standard，the length of the whole tractortrailer cannot be more than 2 × 10 5 mm, and the length of the baseline cab in this study was 2200 mm. Thus, L of the new cab was set to 400 mm, 500 mm, and 600 mm. These increased lengths would not greatly affect the loading of the rear trailer by the constraints of the standard.
The angle between the A pillar and the horizontal plane is a key factor that affects the aerodynamic characteristics of the vehicle [29] ; for the initial cab, this angle was 70 degrees. Therefore, the angle between this protruding part and A pillar was another modeling design variable (θ as shown in Figure 3b ), and θ was set to 120 degrees, 125 degrees, 130 degrees, and 135 degrees, respectively.
Based on two design variables and their range of values, twelve cab design schemes were obtained; Figure 3c shows three of these cab designs. According to the requirements of the industry standard and the feasibility of the design, these two modeling design variables cannot grow or increase optionally; otherwise, they will form a singular shape. 
The length of the protruding part (L as shown in Figure 3b ) was set as one of the modeling design variables. According to the Chinese automobile industry standard, the length of the whole tractor-trailer cannot be more than 2 × 10 5 mm, and the length of the baseline cab in this study was 2200 mm. Thus, L of the new cab was set to 400 mm, 500 mm, and 600 mm. These increased lengths would not greatly affect the loading of the rear trailer by the constraints of the standard.
CFD Simulation Set up
Both the baseline model and the tractor-trailer models with parametric design cabs were drawn using UG (10.0, Siemens PLM Software Company, Plano, TX, USA, 2014), and imported into ICEM (16.0, ANSYS Company, Canonsburg, PA, USA, 2015) to produce dividing grids. Taken the baseline model as an example and shown in Figure 4 , a box was created around the models to define the computation domain. The established principle of the computational domain in CFD is the boundary, which does not affect the flow field around the vehicle; meanwhile, the range is be minimized [30] [31] [32] . In this paper, the clearance between the inlet and the front of the cab was 3 L, and the clearance between the outlet and the back of the trailer was 7 L, in which L was the length of the baseline model; a clearance of 5 W was used between the side of the box and the model on both sides, and a clearance of 4 H was used between the top of the box and the model, in which W was the width of the model and the H was the height. The block ratio of this study was 2.27%, it satisfied the experiment requirements. For every parametric cab design tractor-trailer model, one difference was the increased length of protruding part of cab; thus, the length of computing domain increased with the cab length, and the clearance between the inlet and the front of the parametric designed cab kept 3 L; the other parameters remained. As shown in Figure 5 , after some tentative studies, the tetrahedral meshes were used to create an unstructured grid system in the whole calculation domain, and the triangular surface meshes were used to better fit the shape of the model body. To catch the boundary layer from the model surface, there were six prism layers in the boundary, and the thickness was 0.4 mm. Three layer density boxes were set up outside the baseline mode body, of which the minimum size was 8 mm; there were more than ten million meshes for the case. The mesh and physics parameters used in ICEM software have been summarized in Table 2 . 
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Both the baseline model and the tractor-trailer models with parametric design cabs were drawn using UG (10.0, Siemens PLM Software Company, Plano, TX, USA, 2014), and imported into ICEM (16.0, ANSYS Company, Canonsburg, PA, USA, 2015) to produce dividing grids. Taken the baseline model as an example and shown in Figure 4 , a box was created around the models to define the computation domain. The established principle of the computational domain in CFD is the boundary, which does not affect the flow field around the vehicle; meanwhile, the range is be minimized [30] [31] [32] . In this paper, the clearance between the inlet and the front of the cab was 3 L, and the clearance between the outlet and the back of the trailer was 7 L, in which L was the length of the baseline model; a clearance of 5 W was used between the side of the box and the model on both sides, and a clearance of 4 H was used between the top of the box and the model, in which W was the width of the model and the H was the height. The block ratio of this study was 2.27%, it satisfied the experiment requirements. For every parametric cab design tractor-trailer model, one difference was the increased length of protruding part of cab; thus, the length of computing domain increased with the cab length, and the clearance between the inlet and the front of the parametric designed cab kept 3 L; the other parameters remained. As shown in Figure 5 , after some tentative studies, the tetrahedral meshes were used to create an unstructured grid system in the whole calculation domain, and the triangular surface meshes were used to better fit the shape of the model body. To catch the boundary layer from the model surface, there were six prism layers in the boundary, and the thickness was 0.4 mm. Three layer density boxes were set up outside the baseline mode body, of which the minimum size was 8 mm; there were more than ten million meshes for the case. The mesh and physics parameters used in ICEM software have been summarized in Table 2 . As shown in Figure 5 , after some tentative studies, the tetrahedral meshes were used to create an unstructured grid system in the whole calculation domain, and the triangular surface meshes were used to better fit the shape of the model body. To catch the boundary layer from the model surface, there were six prism layers in the boundary, and the thickness was 0.4 mm. Three layer density boxes were set up outside the baseline mode body, of which the minimum size was 8 mm; there were more than ten million meshes for the case. The mesh and physics parameters used in ICEM software have been summarized in Table 2 . The numerical simulation experiment was carried out by FLUENT (16.0, ANSYS Company, Canonsburg, PA, USA, 2015), which is based on the finite volume method. A steady and free-stream velocity of U = 25 m/s was set at the inlet; the Reynolds number based on the hydraulic diameter was 1.95 × 10 6 , and the turbulence intensity was 2.6%. Through some tentative studies and consideration of the characteristics of the numerical simulation of vehicle external flow field [33] [34] [35] , the Shear Stress Transport k-omega (SST k-ω) turbulence model was adopted in this paper; meanwhile, convection term was solved by second-order upwind scheme, and coupling numeration of velocity field and stress was based on SIMPLEC scheme. The boundary condition of the outlet was pressureoutlet; no-slip condition was used on the lateral walls, roof, and the tractor-trailer baseline model surface.
Validation of the Computational Model and CFD Procedure
The purpose of the wind tunnel test carried out in this paper was to validate the correctness of the numerical simulation. Experiments were conducted in a closed-type reflux low-speed wind tunnel at Shenyang Aerospace University, and the test section had the dimensions of 3500 mm (length) × 1200 mm (width) × 1000 mm (height); the wind speed was varied in the range of 10-50 m/s, the contraction rate was 8:1, and the turbulence intensity of the freestream flow was less than 0.14%. The numerical simulation experiment was carried out by FLUENT (16.0, ANSYS Company, Canonsburg, PA, USA, 2015), which is based on the finite volume method. A steady and free-stream velocity of U = 25 m/s was set at the inlet; the Reynolds number based on the hydraulic diameter was 1.95 × 10 6 , and the turbulence intensity was 2.6%. Through some tentative studies and consideration of the characteristics of the numerical simulation of vehicle external flow field [33] [34] [35] , the Shear Stress Transport k-omega (SST k-ω) turbulence model was adopted in this paper; meanwhile, convection term was solved by second-order upwind scheme, and coupling numeration of velocity field and stress was based on SIMPLEC scheme. The boundary condition of the outlet was pressure-outlet; no-slip condition was used on the lateral walls, roof, and the tractor-trailer baseline model surface.
The purpose of the wind tunnel test carried out in this paper was to validate the correctness of the numerical simulation. Experiments were conducted in a closed-type reflux low-speed wind tunnel at Shenyang Aerospace University, and the test section had the dimensions of 3500 mm (length) × 1200 mm (width) × 1000 mm (height); the wind speed was varied in the range of 10-50 m/s, the contraction rate was 8:1, and the turbulence intensity of the freestream flow was less than 0.14%. For the wind tunnel test, the cab of the tractor-trailer baseline model was made of wood, and the trailer and the remainder of the model were made of aluminum. The wheels were bolted to the model, and the cab roof fairing and both side deflectors were also constructed and bonded to the cab. In this paper, the free stream velocity was fixed at U = 25 m/s. The vehicle models installed in the test section had an insignifigant effect on the pressure distribution and the drag coefficient. The details of this wind tunnel test are shown in Figure 6 .
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For the wind tunnel test, the cab of the tractor-trailer baseline model was made of wood, and the trailer and the remainder of the model were made of aluminum. The wheels were bolted to the model, and the cab roof fairing and both side deflectors were also constructed and bonded to the cab. In this paper, the free stream velocity was fixed at U = 25 m/s. The vehicle models installed in the test section had an insignifigant effect on the pressure distribution and the drag coefficient. The details of this wind tunnel test are shown in Figure 6 . The aerodynamic forces and moments of the tractor-trailer baseline test model were measured using a six-component force balance system. The drag force in the direction of the wind was determined by statistically averaging the data obtained from three independent measurements. The drag coefficient was calculated using the following equation:
in which F is the drag force measured in the flow direction, ρ is the fluid density, V is the wind speed, and A is the orthographic projection area of the tractor-trailer model. As a first step towards an improved approach, only a zero-yaw angle was tested in this study. In subsequent research, the aerodynamic drag coefficient (Cd) of the baseline model was needed to compare the value of different parametric cab design tractor-trailer models to make the expression more explicit; the aerodynamic drag coefficient of baseline model was set as Cd-baseline. During the numerical simulation of the baseline model, the aerodynamic drag coefficient was found to be stable after 1000 steps. The difference of the average value between 2000 and 2500 steps and 3501 and 4000 step was in the order of 10 −4 . Thus, in order to reduce the amount of calculation, the baseline model scheme was iterated by 3000 steps, and the average value of last 500 steps result was taken as the simulation value.
The Cd-baseline values obtained by wind tunnel test and numerical simulation were 0.4507 and 0.4613, respectively, as shown in Table 3 . The relative error of the Cd was 2.36%; this estimation of the numerical number obtained from the simulation agreed well with the result measured in the wind tunnel experiments. This validated the grid division, the boundary conditions, and the physical model adopted for the simulation of the baseline model in this paper correctly, and has provided strong evidence for the validity and accuracy of the results obtained from the simulation. Table 3 . Drag coefficient of the tractor-trailer baseline model.
Experiment V = 25 m/s
Cd-baseline Wind tunnel 0.4507 Numerical simulation 0.4613
For the numerical simulation of subsequent parametric cab design tractor-trailer models, only the length of calculation domain and the cab have changed; the CFD simulations of these cases still adopted the same mesh generation, iterated steps, and the numerical calculation scheme as the baseline model. The aerodynamic forces and moments of the tractor-trailer baseline test model were measured using a six-component force balance system. The drag force in the direction of the wind was determined by statistically averaging the data obtained from three independent measurements. The drag coefficient was calculated using the following equation:
in which F is the drag force measured in the flow direction, ρ is the fluid density, V is the wind speed, and A is the orthographic projection area of the tractor-trailer model. As a first step towards an improved approach, only a zero-yaw angle was tested in this study. In subsequent research, the aerodynamic drag coefficient (C d ) of the baseline model was needed to compare the value of different parametric cab design tractor-trailer models to make the expression more explicit; the aerodynamic drag coefficient of baseline model was set as C d-baseline . During the numerical simulation of the baseline model, the aerodynamic drag coefficient was found to be stable after 1000 steps. The difference of the average value between 2000 and 2500 steps and 3501 and 4000 step was in the order of 10 −4 . Thus, in order to reduce the amount of calculation, the baseline model scheme was iterated by 3000 steps, and the average value of last 500 steps result was taken as the simulation value.
The C d-baseline values obtained by wind tunnel test and numerical simulation were 0.4507 and 0.4613, respectively, as shown in Table 3 . The relative error of the C d was 2.36%; this estimation of the numerical number obtained from the simulation agreed well with the result measured in the wind tunnel experiments. This validated the grid division, the boundary conditions, and the physical model adopted for the simulation of the baseline model in this paper correctly, and has provided strong evidence for the validity and accuracy of the results obtained from the simulation.
For the numerical simulation of subsequent parametric cab design tractor-trailer models, only the length of calculation domain and the cab have changed; the CFD simulations of these cases still adopted the same mesh generation, iterated steps, and the numerical calculation scheme as the baseline model. 
Results and Discussion
The C d is regarded as a major indicator that represents the aerodynamic performance of a vehicle; Table 4 illustrates the results of the CFD simulations of parametric designed tractor-trailer models with different cab variants. The impact of different geometrical modifications on the drag characteristics is shown in Table 4 . In this table, ∆C d represents the change rate of the C d ; its calculated equation is ∆C d = C d − C d-baseline /C d-baseline , the symbol '−' in the table represents the decreased of C d ; conversely, the symbol '+' represents the increased of C d . It can be seen that in all cases, the C d decreased, except for the 400 mm-135 degrees case, and the maximum drag reduction rate compared with the baseline model was about 8.49%. These results imply that the protruding part of the cab and changing its dimensions have a distinct influence on the aerodynamic characteristics of tractor-trailers. It is interesting to note that when the angle between the protruding part and A pillar was fixed, the length of this part increased from 400 mm to 600 mm; the C d first decreased and then increased. When the length was fixed in the 500 mm cases, the aerodynamic drag reduction was most pronounced. When the included angle was 120 degrees and the length of the protruding part was 400 mm, the minimum C d was 0.4298. When the included angles were 125 degrees, 130 degrees, and 135 degrees, the different parametric cab design vehicles with the C d were 0.4234, 0.4281, and 0.4260, respectively, and the prominent length was 500 mm; the C d was the smallest. It showed that when the extended length was 500 mm, the rate of aerodynamic drag reduction was generally higher, and this dimension was a more suitable drag reduction length for the reference tractor-trailer model. However, when the protruding length was fixed, the change in C d was more complicated. When the extended length was 400 mm and 600 mm, the aerodynamic C d first increased and then decreased with the increased of the angle. When the length was 500mm, the change of angle had little effect on aerodynamic drag.
The aerodynamic drag force on a vehicle is dependent on the form, and is caused by the pressure difference induced by massive flow separation. The present resolution was thought to be reasonable to investigate flow phenomena over the tractor-trailer and to explain the drag reduction mechanism. The 500 mm-125 degrees case had the most pronounced drag reduction effect; therefore, the numerical simulation results of this model were compared with the baseline model, and the related drag reduction mechanism was analyzed in Section 3.2. Meanwhile, due to the influence of the included angle and the length of protruding part, the change of C d was nonlinear; the influence of design variables is discussed in Section 3.3.
Surface Pressure
The air resistance of a driven vehicle is mainly determined by the forward positive pressure and the rear negative pressure. To investigate why the drag reduction mechanism was induced by the new design of the cab shape, the pressure distribution of the baseline model and the parametric cab design tractor-trailer needed to be analyzed. Figure 7 displays the pressure contour comparison of the forebody of the cab between the baseline model and the 500 mm-125 degrees new design cab. As shown in Figure 7a , in the baseline model, a stagnant region can be observed on the front surface of the cab; there was a large area of positive pressure, and the front of visor and both sides of fairing also had positive pressure zones, which were the main sources of the aerodynamic resistance. The transition region between the 'front face' and the lateral part of cab showed negative pressure zones, indicating that there was a clear separation of the airflow. Both the positive and negative pressure zones extended from the bottom of the wheelhouse to the top of the front face. After modification of the design, as shown in Figure 7b , the upper surface of the protruding part of cab had a positive pressure area, compared with the baseline model; the positive pressure area of the front windscreen was smaller, and the size and area of the positive pressure at the fairing and visor were all reduced. At the same time, for the parametric design cab, the negative pressure zone of the transition position between the front windscreen and the side window had become smaller, but the value slightly increased, and the value of the negative pressure zone between the engine and side girth was reduced. 
The air resistance of a driven vehicle is mainly determined by the forward positive pressure and the rear negative pressure. To investigate why the drag reduction mechanism was induced by the new design of the cab shape, the pressure distribution of the baseline model and the parametric cab design tractor-trailer needed to be analyzed. Figure 7 displays the pressure contour comparison of the forebody of the cab between the baseline model and the 500 mm-125 degrees new design cab. As shown in Figure 7a , in the baseline model, a stagnant region can be observed on the front surface of the cab; there was a large area of positive pressure, and the front of visor and both sides of fairing also had positive pressure zones, which were the main sources of the aerodynamic resistance. The transition region between the 'front face' and the lateral part of cab showed negative pressure zones, indicating that there was a clear separation of the airflow. Both the positive and negative pressure zones extended from the bottom of the wheelhouse to the top of the front face. After modification of the design, as shown in Figure 7b , the upper surface of the protruding part of cab had a positive pressure area, compared with the baseline model; the positive pressure area of the front windscreen was smaller, and the size and area of the positive pressure at the fairing and visor were all reduced. At the same time, for the parametric design cab, the negative pressure zone of the transition position between the front windscreen and the side window had become smaller, but the value slightly increased, and the value of the negative pressure zone between the engine and side girth was reduced. In the baseline model as shown in Figure 8a , the pressure distribution of the front area of trailer was mainly a positive pressure zone. The obviously high pressure area that existed at the leading edge of the top and the front of the trailer, and the transition region between the front and both sides of trailer, were both striped. The shape of the cab influenced the flow conditions in front of the trailer; when the shape of cab was changed, the subsequent turbulence had changed too, and the pressure distribution of the front facade of the trailer was also affected. After the parametric cab design modification, as shown in Figure 8b , the positive pressure area of the trailer was reduced, where the In the baseline model as shown in Figure 8a , the pressure distribution of the front area of trailer was mainly a positive pressure zone. The obviously high pressure area that existed at the leading edge of the top and the front of the trailer, and the transition region between the front and both sides of trailer, were both striped. The shape of the cab influenced the flow conditions in front of the trailer; when the shape of cab was changed, the subsequent turbulence had changed too, and the pressure distribution of the front facade of the trailer was also affected. After the parametric cab design modification, as shown in Figure 8b , the positive pressure area of the trailer was reduced, where the high-pressure region at the front edge and both sides of the transition areas all became a thin sliver region. At the same time, the negative pressure zone at the front surface of the trailer model was significantly increased, whilst its location rose and was closed to the front edge of the trailer. high-pressure region at the front edge and both sides of the transition areas all became a thin sliver region. At the same time, the negative pressure zone at the front surface of the trailer model was significantly increased, whilst its location rose and was closed to the front edge of the trailer.
(a) (b) Figure 9a shows the pressure value comparison at the forebody between the baseline cab and the parametric design cab along the longitudinal symmetry plane. It can be seen from the line frame area (for the parametric design cab) at the position that near the protruding part, the positive pressure value was less than the baseline model; meanwhile, at the position above the protruding part, such as forward windshield and visor, the surface pressure has also been reduced too. Figure 9b shows the pressure comparison at the forebody of the trailer between different cabs; it was also seen from the line frame area that after redesign, the positive pressure value decreased and the negative pressure value increased. From the comparison of the trend of the curves, the phenomenon of negative pressure area that had arisen was obvious, which corresponds to the display of the pressure contour ( Figure 8 ). Figure 9a shows the pressure value comparison at the forebody between the baseline cab and the parametric design cab along the longitudinal symmetry plane. It can be seen from the line frame area (for the parametric design cab) at the position that near the protruding part, the positive pressure value was less than the baseline model; meanwhile, at the position above the protruding part, such as forward windshield and visor, the surface pressure has also been reduced too. Figure 9b shows the pressure comparison at the forebody of the trailer between different cabs; it was also seen from the line frame area that after redesign, the positive pressure value decreased and the negative pressure value increased. From the comparison of the trend of the curves, the phenomenon of negative pressure area that had arisen was obvious, which corresponds to the display of the pressure contour (Figure 8) . high-pressure region at the front edge and both sides of the transition areas all became a thin sliver region. At the same time, the negative pressure zone at the front surface of the trailer model was significantly increased, whilst its location rose and was closed to the front edge of the trailer.
(a) (b) Figure 9a shows the pressure value comparison at the forebody between the baseline cab and the parametric design cab along the longitudinal symmetry plane. It can be seen from the line frame area (for the parametric design cab) at the position that near the protruding part, the positive pressure value was less than the baseline model; meanwhile, at the position above the protruding part, such as forward windshield and visor, the surface pressure has also been reduced too. Figure 9b shows the pressure comparison at the forebody of the trailer between different cabs; it was also seen from the line frame area that after redesign, the positive pressure value decreased and the negative pressure value increased. From the comparison of the trend of the curves, the phenomenon of negative pressure area that had arisen was obvious, which corresponds to the display of the pressure contour ( Figure 8 ). 
Change of Flow Field
The time-averaged flow fields around the parametric designed cab tractor-trailer models have been presented in this section. When the incoming flow reached the front of the baseline cab model, part of the flow was halted by the front face of the model. As a result, the flow stagnation region appears on the front surface of the baseline cab model. The flow above the stagnation point turned upwards and reached the top of the cab, and after turning upwards, the flow reached and expanded along the surface of the fairing and the roof of the cab. The flow then reached the rear end of the cab, and some of the flow entered the gap between the cab and the trailer; at the same time, the rest of the incoming flow crossed the gap and impinged on the front surface of the baseline trailer model.
From Figure 10 , it can be seen after the parametric designed case was applied (500 mm-125 degrees) that when the incoming flow reached the new design of the cab, the flow attacked the 'cab nose' first and immediately halted. Due to the friction of the 'cab nose' surface and the blocking effect of the front windscreen, a vortex formed here that rotated clockwise at the top of the 'cab nose'. Consequently, under the lift action from this vortex, the incoming flow above it changed direction and turned upward to the top of the cab's front face and the visor. Some of the airflow even went over the visor with the assistance of this vortex and directly reached the front edge of the cab. At the same time, because of the vortex, the upward incoming flow contacted the cab and developed relative motion instead of making surface contact with the cab body. Compared to the friction between the airflow and the cab surface, the friction between the airflows apparently decreased. Therefore, the vortex that existed above the 'cab nose' can be defined as it has a 'vortex cushion' effect; the actual function of this vortex was even like a diversion device. It not only effectively reduced the frictional resistance of the airflow, but it also acted as a lift to speed up the airflow. It was believed that the presence of the 'vortex cushion' on the 'cab nose' induced changes in the incoming flow filed, thus varying the pressure distribution and the aerodynamic drag force, corresponding to Figure 6b and Table 4 , as shown.
The structure of the flow that passed over the front face of the cab was changed obviously, and its subsequent flow was bound to be affected. As can be seen in Figure 11b , compared to the baseline model (Figure 11a ), the position of the upper vortex core that was located in the gap region between the new design of the cab and trailer obviously lifted and moved closer to the rear edge of the fairing, whilst the horizontal position of this vortex was close to the front edge of the trailer. This phenomenon was the main cause of the elevation of the negative pressure zone, which was in front of the surface of the trailer, as shown in Figure 8b . Because of this upper vortex lift, the location of the upper backflow stagnated on the rear surface of the new design of the cab and was lifted accordingly; meanwhile, this left more space for the motion of the bottom vortex at the gap, and the 
The structure of the flow that passed over the front face of the cab was changed obviously, and its subsequent flow was bound to be affected. As can be seen in Figure 11b , compared to the baseline model (Figure 11a ), the position of the upper vortex core that was located in the gap region between the new design of the cab and trailer obviously lifted and moved closer to the rear edge of the fairing, whilst the horizontal position of this vortex was close to the front edge of the trailer. This phenomenon was the main cause of the elevation of the negative pressure zone, which was in front of the surface of the trailer, as shown in Figure 8b . Because of this upper vortex lift, the location of the upper backflow stagnated on the rear surface of the new design of the cab and was lifted accordingly; meanwhile, this left more space for the motion of the bottom vortex at the gap, and the shape of this bottom vortex was more complete. The variety in the flow structure at the gap corresponded to the change of the pressure distribution on the front surface of the trailer and resulted in the positive pressure decreasing and the negative pressure increasing; the aerodynamic pressure resistance of the whole tractor-trailer was reduced.
Appl. Sci. 2018, 7, x FOR PEER REVIEW 12 of 20 shape of this bottom vortex was more complete. The variety in the flow structure at the gap corresponded to the change of the pressure distribution on the front surface of the trailer and resulted in the positive pressure decreasing and the negative pressure increasing; the aerodynamic pressure resistance of the whole tractor-trailer was reduced. Figure 12 shows the contrast of the longitudinally symmetric turbulent cloud diagram between the baseline model and the new design cab model; the results obtained earlier (Figures 10 and 11 ) are also reflected in this picture. The flow separation appeared at the bottom of the original cab and the turbulence intensity was also larger there. At the leading edge of the fairing, the flow was blocked after it impinged on the mounting base of the fairing, but most parts of the flow still moved along the curved surface of the fairing to the rear until they collided with the front of the trailer. shape of this bottom vortex was more complete. The variety in the flow structure at the gap corresponded to the change of the pressure distribution on the front surface of the trailer and resulted in the positive pressure decreasing and the negative pressure increasing; the aerodynamic pressure resistance of the whole tractor-trailer was reduced. Figure 12 shows the contrast of the longitudinally symmetric turbulent cloud diagram between the baseline model and the new design cab model; the results obtained earlier (Figures 10 and 11 ) are also reflected in this picture. The flow separation appeared at the bottom of the original cab and the turbulence intensity was also larger there. At the leading edge of the fairing, the flow was blocked after it impinged on the mounting base of the fairing, but most parts of the flow still moved along the curved surface of the fairing to the rear until they collided with the front of the trailer. (Figures 10 and 11 ) are also reflected in this picture. The flow separation appeared at the bottom of the original cab and the turbulence intensity was also larger there. At the leading edge of the fairing, the flow was blocked after it impinged on the mounting base of the fairing, but most parts of the flow still moved along the curved surface of the fairing to the rear until they collided with the front of the trailer. The airflow separation at the bottom of the new design of the cab changed greatly, and the turbulence intensity at this point was obviously smaller than that of the original model. This means that after the parametric cab design, the air flow was smoother, and the shunting action of the cab's protruding 'cab nose' began to be highlighted. At the same time, the obvious change of the turbulence intensity at the gap between the cab and trailer was also caused by the 'vortex cushion' effect of the vortex above the protruding 'cab nose'. From functional viewpoint, this vortex acted as a 'vortex cushion'; it even could be seen as a part of the cab, and combined with its shape, it also could be considered that the cab has formed a certain streamline design here. The existence of the 'vortex cushion' effect made the flow over the front and top of the cab smoother, and the diversion effect of the fairing on the cab was more pronounced. Figure 13 shows the wake structure comparison between the baseline model and the parametric cab design tractor-trailer. As shown in Figure 13b , after the cab redesigned, there were also two vortices that occurred at the rear of the trailer; one was higher up and the other one was lower down. Compared to the baseline model, in the wake flow of the 500 mm-125 degrees model, the position of the upper vortex was obviously closer to the rear of the vehicle and had moved upwards, and its vortex area was smaller. Accordingly, the form of the lower vortex in the wake flow was more complete, its height was reduced, and the core of the lower vortex was closer to the vehicle too. From comparison of the wake structure of the different tractor-trailers after the new cab was designed, the separation area of the wake flow showed a decreasing trend, and its location was concentrated more at the rear of the trailer. Figure 14 shows the turbulent intensity contour comparison of wake flow of different tractortrailer models. The parametric design of cab also had a certain influence on the tail flow structure. Comparing the different tractor-trailers, it was interesting to note that the turbulence intensity of the parametric cab design vehicle was obviously smaller than that of the baseline model, as shown in Figure 14 . The 'vortex cushion' of the 'cab nose' not only impacted the flow structure of the cab and the gap but also influenced the vortex structure of the boundary layer at the bottom of the trailer, and this meant that the dynamic exchange of the upper and lower layers of the boundary layer were weakened and the momentum transport was smoother; finally, the aerodynamic drag force of the tractor-trailer was decreased. The airflow separation at the bottom of the new design of the cab changed greatly, and the turbulence intensity at this point was obviously smaller than that of the original model. This means that after the parametric cab design, the air flow was smoother, and the shunting action of the cab's protruding 'cab nose' began to be highlighted. At the same time, the obvious change of the turbulence intensity at the gap between the cab and trailer was also caused by the 'vortex cushion' effect of the vortex above the protruding 'cab nose'. From functional viewpoint, this vortex acted as a 'vortex cushion'; it even could be seen as a part of the cab, and combined with its shape, it also could be considered that the cab has formed a certain streamline design here. The existence of the 'vortex cushion' effect made the flow over the front and top of the cab smoother, and the diversion effect of the fairing on the cab was more pronounced. Figure 13 shows the wake structure comparison between the baseline model and the parametric cab design tractor-trailer. As shown in Figure 13b , after the cab redesigned, there were also two vortices that occurred at the rear of the trailer; one was higher up and the other one was lower down. Compared to the baseline model, in the wake flow of the 500 mm-125 degrees model, the position of the upper vortex was obviously closer to the rear of the vehicle and had moved upwards, and its vortex area was smaller. Accordingly, the form of the lower vortex in the wake flow was more complete, its height was reduced, and the core of the lower vortex was closer to the vehicle too. From comparison of the wake structure of the different tractor-trailers after the new cab was designed, the separation area of the wake flow showed a decreasing trend, and its location was concentrated more at the rear of the trailer. Figure 14 shows the turbulent intensity contour comparison of wake flow of different tractor-trailer models. The parametric design of cab also had a certain influence on the tail flow structure. Comparing the different tractor-trailers, it was interesting to note that the turbulence intensity of the parametric cab design vehicle was obviously smaller than that of the baseline model, as shown in Figure 14 . The 'vortex cushion' of the 'cab nose' not only impacted the flow structure of the cab and the gap but also influenced the vortex structure of the boundary layer at the bottom of the trailer, and this meant that the dynamic exchange of the upper and lower layers of the boundary layer were weakened and the momentum transport was smoother; finally, the aerodynamic drag force of the tractor-trailer was decreased. Appl. Sci. 2018, 7, x FOR PEER REVIEW 14 of 20 
Impact Factors of the 'Vortex Cushion'
In Section 3.2, it was found that a vortex formed above the protruding part and obviously influenced the pressure distribution and the flow field of the tractor-trailer. As shown in Table 4 , when the angle between the protruding part and the A pillar was greater than 125 degrees, with the protruding part length increased, the Cd decreased firstly then increased subsequently. Therefore, the formation of this 'useful vortex' depended on the friction of the protruding part surface and the blocking effect of the front windscreen, and must have been affected by the two design variables: the length of the protruding part and the angle between this part and the A column. 
In Section 3.2, it was found that a vortex formed above the protruding part and obviously influenced the pressure distribution and the flow field of the tractor-trailer. As shown in Table 4 , when the angle between the protruding part and the A pillar was greater than 125 degrees, with the protruding part length increased, the C d decreased firstly then increased subsequently. Therefore, the formation of this 'useful vortex' depended on the friction of the protruding part surface and the blocking effect of the front windscreen, and must have been affected by the two design variables: the length of the protruding part and the angle between this part and the A column.
As shown in Figure 15a , when the extended length was 400 mm, it was slightly protruded, and the above vortex area was obviously smaller than other two cases. At the position of the include angle between protruding part and A pillar, the flow velocity was smallest. Owing to the small vortex volume, a part of the incoming flow contacted the vortex above the 'cab nose' first and then continued to move forward and impinge on the front windshield. The other part of the flow went down to the sun shading board, and the movement was blocked. At this time, the effect of 'vortex cushion' was not obvious.
Appl. Sci. 2018, 7, x FOR PEER REVIEW 15 of 20
As shown in Figure 15a , when the extended length was 400 mm, it was slightly protruded, and the above vortex area was obviously smaller than other two cases. At the position of the include angle between protruding part and A pillar, the flow velocity was smallest. Owing to the small vortex volume, a part of the incoming flow contacted the vortex above the 'cab nose' first and then continued to move forward and impinge on the front windshield. The other part of the flow went down to the sun shading board, and the movement was blocked. At this time, the effect of 'vortex cushion' was not obvious. When the extended length was 500 mm, as shown in Figure 5b , the vortex was fully developed, its size was larger than 400 mm case, and the shape was even rounder and fuller. At this moment, at the include angle, the flow velocity was faster, and the bearing role of this vortex began to be highlighted. The friction between the airflows was apparently smaller than the friction between the airflow and the cab surface; therefore, compared with the 400 mm-125 degrees case and the baseline model, the value of Cd decreased.
When the extended length was 600 mm, the vortex did not increase linearly, but also kept a size similar to the 500 mm case, and the effect of 'vortex cushion' was not enhanced too. There was still a certain length at the front corner of the protruding 'cab nose' that was not occupied by the vortex. The incoming air flow to the cab was first affected by the surface of the protruding position, and then it impinged on the vortex. Some of the airflow was blocked by the vortex, and the velocity was reduced; the other part continued to flow upward with the lifting of the vortex and at a later point the flow impinged on the cab's sunshade. Meanwhile, the friction between flow and vehicle surface was greater than 500 mm case, and the value of Cd increased. Therefore, for such a forward protruding 'cab nose' type of cab shape design, the protruding length needs to refer to the overall size and proportional relationship of the cab.
The same results also could be obtained in Figure 16 ; as shown in Figure 16a , the area of gray dash wire frame was the surface of the protruding part, and the value of pressure of 500 mm case was less than 400 mm case clearly and close to the value of the 600 mm case. In the area of purple dot dash line, the surface pressure of 500 mm case was obviously less than other two cases; correspondingly, the value of Cd decreased first and then increased as the length of protruding part increased. When the extended length was 500 mm, as shown in Figure 5b , the vortex was fully developed, its size was larger than 400 mm case, and the shape was even rounder and fuller. At this moment, at the include angle, the flow velocity was faster, and the bearing role of this vortex began to be highlighted. The friction between the airflows was apparently smaller than the friction between the airflow and the cab surface; therefore, compared with the 400 mm-125 degrees case and the baseline model, the value of C d decreased.
When the extended length was 600 mm, the vortex did not increase linearly, but also kept a size similar to the 500 mm case, and the effect of 'vortex cushion' was not enhanced too. There was still a certain length at the front corner of the protruding 'cab nose' that was not occupied by the vortex. The incoming air flow to the cab was first affected by the surface of the protruding position, and then it impinged on the vortex. Some of the airflow was blocked by the vortex, and the velocity was reduced; the other part continued to flow upward with the lifting of the vortex and at a later point the flow impinged on the cab's sunshade. Meanwhile, the friction between flow and vehicle surface was greater than 500 mm case, and the value of C d increased. Therefore, for such a forward protruding 'cab nose' type of cab shape design, the protruding length needs to refer to the overall size and proportional relationship of the cab.
The same results also could be obtained in Figure 16 ; as shown in Figure 16a , the area of gray dash wire frame was the surface of the protruding part, and the value of pressure of 500 mm case was less than 400 mm case clearly and close to the value of the 600 mm case. In the area of purple dot dash line, the surface pressure of 500 mm case was obviously less than other two cases; correspondingly, the value of C d decreased first and then increased as the length of protruding part increased. Figures 17 and 18 show the velocity and turbulent kinetic energy contour at the same position when the included angle was 125 degrees and with different extended lengths of the cab. When the length of the protrusion was smaller, this value relative to the whole size of the tractor was not obvious, and the cab could still be regarded as a blunt body without a 'car nose'; the separation of the airflow here was still similar to that of the flat head cab. However, when the protrusion length was increased, its proportion relative to the cab was raised too, and the effect on the separation of the airflow could not be ignored. The cab was somewhat similar to the design of the "wedge" car. It can be clearly seen from Figure 16 that with the increase of the protrusion length, the separation of the flow tended to be gentler at the angle that at between the protruding part and the front windshield, and the area of the separation region was gradually decreased. From Figure 17 , it can be seen that the change of the turbulent kinetic energy at the lower part of the cab could also directly capture the characteristics of this 'wedge' design, similarly to the function of the car engine bay that inserts it into the flow and guides it to move to the rear. Figures 17 and 18 show the velocity and turbulent kinetic energy contour at the same position when the included angle was 125 degrees and with different extended lengths of the cab. When the length of the protrusion was smaller, this value relative to the whole size of the tractor was not obvious, and the cab could still be regarded as a blunt body without a 'car nose'; the separation of the airflow here was still similar to that of the flat head cab. However, when the protrusion length was increased, its proportion relative to the cab was raised too, and the effect on the separation of the airflow could not be ignored. The cab was somewhat similar to the design of the "wedge" car. It can be clearly seen from Figure 16 that with the increase of the protrusion length, the separation of the flow tended to be gentler at the angle that at between the protruding part and the front windshield, and the area of the separation region was gradually decreased. From Figure 17 , it can be seen that the change of the turbulent kinetic energy at the lower part of the cab could also directly capture the characteristics of this 'wedge' design, similarly to the function of the car engine bay that inserts it into the flow and guides it to move to the rear. Figures 17 and 18 show the velocity and turbulent kinetic energy contour at the same position when the included angle was 125 degrees and with different extended lengths of the cab. When the length of the protrusion was smaller, this value relative to the whole size of the tractor was not obvious, and the cab could still be regarded as a blunt body without a 'car nose'; the separation of the airflow here was still similar to that of the flat head cab. However, when the protrusion length was increased, its proportion relative to the cab was raised too, and the effect on the separation of the airflow could not be ignored. The cab was somewhat similar to the design of the "wedge" car. It can be clearly seen from Figure 16 that with the increase of the protrusion length, the separation of the flow tended to be gentler at the angle that at between the protruding part and the front windshield, and the area of the separation region was gradually decreased. From Figure 17 , it can be seen that the change of the turbulent kinetic energy at the lower part of the cab could also directly capture the characteristics of this 'wedge' design, similarly to the function of the car engine bay that inserts it into the flow and guides it to move to the rear. It was found from Table 4 that when the protruding part was 400 mm and the angle between the protruding part and the A pillar was 135 degrees, the Cd of the tractor-trailer did not decrease as expected, but increased by 7.67%. However, when the protruding length was 500 mm and 600 mm, the aerodynamic drag was still reduced. Therefore, it was also necessary to analyze the cases when the angle was larger, as well as the relationship between the protruding part length and the outflow structure of the parametric cab design tractor-trailer. Figure 19 shows the velocity pathlines diagram of the longitudinal symmetry plane of the cab when the angle was 135 degrees. It is interesting to note that the vortex that acted as a 'vortex cushion' disappeared when the length of protruding part was 400 mm. At the same time, when the extended length was 500 mm and 600 mm, compared with other two cases of the same length of 125 degrees and 130 degrees, the size of the vortex was obviously smaller. The appearance of this vortex not only depended on the blocked windshield by the front, but also on the friction between the airflow and the 'cab nose' surface. When the angle was too large, the frictional force was affected when the airflow travelled on a tilted slope, and meanwhile the blocking effect of the front windshield was weakened. When the design length was 400 mm, this length was not enough to form the corresponding vortex, and at the same time, with the rounded corners of the leading edge of the protruding part, the incoming airflow could not discriminate the angle, instead turning it 'as a big blunt form' and continuing to flow upward. This is one of the main reasons for the significant increase of aerodynamic drag in the 400 mm-125 degrees new cab design. Compared to the 500 mm and 600 mm cases, there was enough length to form a vortex, but the area of the vortex was significantly reduced. The 'vortex cushion' effect also existed, but the effect only to led the airflow flow to the upper part of the windshield, which had no fundamental influence on the outflow field structure.
The characteristics of the vortex and its 'vortex cushion' effect were also influenced by the angle between the protruding part and the A pillar. When the included angle was only 120 degrees, as shown in Figure 20a , the incoming flow was impacted by the friction from the protruding part and then blocked by the front windshield glass, leading to the vortex largest, and this vortex was also blocked and rubbed the above airflow. To a certain extent, in addition to completing the role of a certain 'vortex cushion', this vortex also obstructed the flow. When the protruding part was gradually tilted and the angle became larger, the area of the vortex decreased; as shown in Figure 20b ,c, the function of the 'vortex cushion' began to be highlighted. But when the include angle was too large, as shown in Figure 20d , the frictional force derived from the protruding part was not enough to form a certain area of the vortex due to the influence of the angle, and the 'vortex cushion' effect did not exist either. Only when the angle was changed to a certain reasonable range could the vortex play an effective role in supporting the external air flow and reduce the aerodynamic drag. It was found from Table 4 that when the protruding part was 400 mm and the angle between the protruding part and the A pillar was 135 degrees, the C d of the tractor-trailer did not decrease as expected, but increased by 7.67%. However, when the protruding length was 500 mm and 600 mm, the aerodynamic drag was still reduced. Therefore, it was also necessary to analyze the cases when the angle was larger, as well as the relationship between the protruding part length and the outflow structure of the parametric cab design tractor-trailer. Figure 19 shows the velocity pathlines diagram of the longitudinal symmetry plane of the cab when the angle was 135 degrees. It is interesting to note that the vortex that acted as a 'vortex cushion' disappeared when the length of protruding part was 400 mm. At the same time, when the extended length was 500 mm and 600 mm, compared with other two cases of the same length of 125 degrees and 130 degrees, the size of the vortex was obviously smaller. The appearance of this vortex not only depended on the blocked windshield by the front, but also on the friction between the airflow and the 'cab nose' surface. When the angle was too large, the frictional force was affected when the airflow travelled on a tilted slope, and meanwhile the blocking effect of the front windshield was weakened. When the design length was 400 mm, this length was not enough to form the corresponding vortex, and at the same time, with the rounded corners of the leading edge of the protruding part, the incoming airflow could not discriminate the angle, instead turning it 'as a big blunt form' and continuing to flow upward. This is one of the main reasons for the significant increase of aerodynamic drag in the 400 mm-125 degrees new cab design. Compared to the 500 mm and 600 mm cases, there was enough length to form a vortex, but the area of the vortex was significantly reduced. The 'vortex cushion' effect also existed, but the effect only to led the airflow flow to the upper part of the windshield, which had no fundamental influence on the outflow field structure.
The characteristics of the vortex and its 'vortex cushion' effect were also influenced by the angle between the protruding part and the A pillar. When the included angle was only 120 degrees, as shown in Figure 20a , the incoming flow was impacted by the friction from the protruding part and then blocked by the front windshield glass, leading to the vortex largest, and this vortex was also blocked and rubbed the above airflow. To a certain extent, in addition to completing the role of a certain 'vortex cushion', this vortex also obstructed the flow. When the protruding part was gradually tilted and the angle became larger, the area of the vortex decreased; as shown in Figure 20b ,c, the function of the 'vortex cushion' began to be highlighted. But when the include angle was too large, as shown in Figure 20d , the frictional force derived from the protruding part was not enough to form a certain area of the vortex due to the influence of the angle, and the 'vortex cushion' effect did not exist either. Only when the angle was changed to a certain reasonable range could the vortex play an effective role in supporting the external air flow and reduce the aerodynamic drag. 
Conclusions
In this study, parametric designed cabs, which were inspired by the external forebody shape of the cheetah, have been proposed to investigate the possible effect of drag reduction on tractor-trailers. An actual articulated tractor-trailer commonly used in China was used as a baseline model, and its drag coefficient value was 0.4507. The drag coefficients of twelve parametric cab design cases were quantitatively evaluated by CFD simulation. Among these experimental results, the optimum 500 mm-125 degrees cab design largely reduced the drag coefficient of the tractor-trailer model by 8.49%; essentially, a minimum drag coefficient was achieved in all cases, except in the case of the 400 mm-135 degrees model. The flow field of the baseline model and the tractor-trailer with a parametric cab design model were analyzed, including the forebody of the cab, the gap between the cab and trailer, 
In this study, parametric designed cabs, which were inspired by the external forebody shape of the cheetah, have been proposed to investigate the possible effect of drag reduction on tractor-trailers. An actual articulated tractor-trailer commonly used in China was used as a baseline model, and its drag coefficient value was 0.4507. The drag coefficients of twelve parametric cab design cases were quantitatively evaluated by CFD simulation. Among these experimental results, the optimum 500 mm-125 degrees cab design largely reduced the drag coefficient of the tractor-trailer model by 8.49%; essentially, a minimum drag coefficient was achieved in all cases, except in the case of the 400 mm-135 degrees model. The flow field of the baseline model and the tractor-trailer with a parametric cab design model were analyzed, including the forebody of the cab, the gap between the cab and trailer, and the rear of the tractor-trailer, to understand the drag reduction mechanism. After the parametric cab design, because of the friction of the vehicle surface and the obstructed effect of the windshield, there was a vortex formed above the protruding part, and this vortex acted as a 'vortex cushion' to accelerate the speed of the flow; accordingly, the positive and negative pressure distribution of the front surface of the cab and trailer were changed, and therefore the aerodynamic drag decreased. Moreover, the influence of the length of the protruding part and the angle between it and the A pillar on the 'vortex cushion' have also been discussed in this paper; these two design variables affected the size of vortex and the friction between the air flow and vehicle surface, so the C d of the tractor-trailer was changed accordingly. The findings of this study have provided useful information for tractor-trailers to reduce aerodynamic drag and enhance fuel economy with the method of parametric cab design. 
